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Abstract 

A quadrupole mass spectrometer has been designed f o r  s tud ie s  of n e u t r a l  atmospheric composition between 
100 and 200 km us ing  Nike-Cajun and Nike-Apache rockets .  
a l t i t u d e  from an  evacuated volume t o  reduce contaminants has been developed. The ion  source has been de-  
signed f o r  d i r e c t  immersion i n  t h e  ambient atmosphere wi th  the  g r e a t e s t  open-look angle poss ib le .  The number 
of sur face  c o l l i s i o n s  experienced by a p a r t i c l e  p r i o r  t o  ion iza t ion  has thereby  been reduced t o  the  order  of 
one o r  two and t h e  p robab i l i t y  of sur face  recombination of atomic oxygen has been correspondingly reduced t o  
t h e  order  of one percent .  

u n i t y  at 118 lan and 3.1 a t  134 lan. 
01/02 curren t  r a t i o s  i n  s u b s t a n t i a l  agreement wi th  t h e  daytime f l i g h t  and extended t h e  da t a  t o  lgO km where 
t h e  r a t i o  w a s  9 . 5 .  These values a r e  about an order  of  magnitude g r e a t e r  than  those  obtained here tofore  by 
o the r  i nves t iga to r s  and achieve much c l o s e r  agreement wi th  u l t r a - v i o l e t  measurements, and t h e o r e t i c a l  p re-  
d i c t i o n s .  

A successfu l  technique of e j e c t i n g  t h e  payload a t  

The f i r s t  successfu l  daytime f l i g h t  of a continuing program yielded an 01/02 curren t  r a t i o  which was 
Preliminary d a t a  ana lys i s  of t h e  f i r s t  successfu l  nighttime f l i g h t  yielded 

On t h e  b a s i s  of t h e  daytime da ta ,  a mean molecular weight of approximately 24.6 is  derived a t  134.5 km. 

In t roduct ion  

In  t h e  l a t t e r  p a r t  of 1958, a research  group a t  The University of Michigan undertook t o  develop an i n -  
strumentation f o r  measuring t h e  ambient n e u t r a l  composition. The ch ief  ob jec t ive  was t o  design a mass spec- 
trometer which would reduce t h e  p robab i l i t y  of sur face  recombination of atomic oxygen t o  a neg l ig ib l e  value.  
In t h i s  manner, it was an t i c ipa t ed  that f l i g h t  measurements of atomic oxygen would be i n  c l o s e r  agreement 
wi th  theory  [l] and wi th  values obtained from u l t r a - v i o l e t  absorption measurements [ 2 ]  than  have been ob- 
ta ined  by e a r l i e r  mass spectrometer measurements [3,4]. 
due t o  chemical r eac t ions  a t  t h e  fi lament and out-gassing of t h e  rocket were t o  be developed. 

A secondary objec t ive  w a s  t o  design t h e  experiment f o r  use aboard a s m a l l  veh ic le  such as t h e  Nike- 
Cajun (or ,  more r ecen t ly ,  t h e  Nike-Apache) so t h a t  a time and l a t i t u d e  survey would be u l t ima te ly  poss ib l e .  

Two successfu l  f l i g h t  tes ts  of t h e  i n s t m e n t a t i o n  have been accomplished t o  da te .  Both have yielded 
01/02 cur ren t  r a t i o s  approximately an order  of magnitude g rea t e r  than  obtained by former mass spectrometer 
measurements. 

t h e s e  measurements. Experimental r e s u l t s  of t h e  daytime f l i g h t  a r e  presented i n  d e t a i l .  P a r t  I1 presents  
preliminary d a t a  from t h e  nighttime f l i g h t .  

The work performed on t h i s  program has been generously supported by t h e  National Aeronautics and 
Space Admini s t  rat ion. 

In addi t ion ,  techniques t o  achieve neg l ig ib l e  e r r o r s  

Pa r t  I of t h i s  paper gives a de ta i l ed  desc r ip t ion  of t h e  techniques and instrumentation employed i n  

PART I 

1. INSTRUMENTATION 
After  a review of t h e  types  of mass spectrometers and ion sources s u i t a b l e  f o r  t h e  mass number range 

4 t o  46 and adaptable f o r  use on small rocke ts ,  t h e  mass spectrometer f i r s t  described by Paul,  Relnhardt, 
and von Zahn [ 5 ]  w a s  chosen. A complete desc r ip t ion  of t h i s  spectrometer as adapted f o r  rocket use is  given 
i n  Appendix A of t h i s  paper. Figure 1-1 i s  a l i n e  schematic of t h e  mass spectrometer.  A s  evident from t h e  
photographs i n  Appendix A, t h e  ion source i s  d i r e c t l y  exposed t o  t h e  ambient atmosphere t h e r e  being no i n l e t  
tubes  o r  enclosing w a l l s .  
spectrcrmeter by which t h e  indicated ion mass i s  independent of t h e  a x i a l  ion  ve loc i ty  i n  t h e  analyzer.  Only 
t h e  percentage transmission and t h e  r e so lu t ion  a r e  dependent on ion ve loc i ty .  The maximum ion ve loc i ty  i s  
determined by t h e  p o t e n t i a l  of t h e  gr id  G i n  Fig. 1-1 which serves  t h e  dua l  func t ion  of acce le ra t ing  t h e  
ion iz ing  e l ec t rons  from fi lament F and providing t h e  e l e c t r i c  f i e l d  grad ien t  t o  acce le ra t e  t h e  p o s i t i v e  ions 
toward t h e  ground plane C and i n l e t  po r t  I. The g r id  G i s  operated between 45 and 50 v o l t s  which, i n  con- 
junc t ion  wi th  t h e  o the r  design parameters, provides t h e  des i red  r e so lu t ion  ( s e e  Appendix A ) .  The t o t a l  a r ea  
of t h e  analyzing chamber brea ther  ho les ,  1 .3  cm2, as compared wi th  t h e  a rea  of t h e  i n l e t  po r t ,  5.l~lO-~ cm2, 
insures  t h a t  only a neg l ig ib l e  f r a c t i o n  of t h e  gas i n  t h e  analyzer i s  returned t o  t h e  ion source.  This,  
t oge the r  with t h e  open ion source,  guarantees t h a t  each ambient atom or molecule experiences,  on t h e  aver- 
age, t h e  order  of one sur face  c o l l i s i o n  p r i o r  t o  ion iza t ion .  After ion iza t ion ,  a c o l l i s i o n  with any sur face  
w i l l  r e s u l t  i n  loss  of t h e  ion. A n  a t tendant  f ea tu re  of t h e  ion source i s  e s s e n t i a l l y  zero time constant i n  
reaching equilibrium wi th  t h e  environment. 

*Now at San  Diego S t a t e  College, San Diego, Cal i f .  

The design of t h e  "open" ion  source i s  made poss ib le  by a proper ty  of t h e  Paul 

In order  t o  e l imina te  t h e  p o s s i b i l i t y  of contamination from gases trapped i n  t h e  rocket and adsorbed 
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on i t s  sur faces ,  t h e  e n t i r e  instrumentation i s  enclosed i n  a capsule which is  e jec ted  from an evacuated con- 
t a i n e r  when a l t i t u d e  i s  reached. Use of "o" r ings  limits t h e  vacuum i n  t h e  container t o  about 1 - l o p  of pres -  
sure .*  It may be of i n t e r e s t  t o  note t h a t  t h e  capsule i s  always i n  t h e  v i c i n i t y  of room temperature (3OOOK) .  
It i s  separated from rocket p a r t s  heated by aerodynamic e f f e c t s  p r i o r  t o  i n i t i a t i o n  of d a t a  ana lys i s .  

A s  explained i n  Appendix A, t h e  mass spectrometer i s  operated during f l i g h t  i n  two a l t e r n a t e  modes. One 
mode y i e lds  the  usua l  s p e c t r a l  peaks and t h e  o ther  mode, ca l led  t h e  " s t a i r case"  mode, y i e lds  e s s e n t i a l l y  the  
i n t e g r a l  of t h e  peak spectrum. These two modes a r e  i l l u s t r a t e d  i n  Fig. A-5 of Appendix A. From Fig. A-2 
(and checked by Fig. A-5)  of Appendix A it i s  evident tht t h e  mass number sca l e  f o r  t h e  peak spectrum must be 
mul t ip l ied  by approximately 917 t o  give t h e  mass number sca l e  f o r  t h e  s t a i r c a s e  mode. 
i n  in t e rp re t ing  t h e  da ta .  For example, t h e  s t a i r c a s e  mode g ives  t h e  t o t a l  r e s idua l  ion cur ren t  due t o  ions 
whose masses l i e  above t h e  mass range of t h e  instrument. When approaching t h e  s e n s i t i v i t y  l i m i t  of t h e  i n s t r u -  
ment where t h e  mass peaks tend t o  be l o s t  " in  t h e  noise" t h e i r  presence is revealed by t h e  s t a i r c a s e  mode and 
a more prec i se  r e s u l t  can be obtained. A t  increas ingly  high pressures ,  due t o  s c a t t e r i n g  c o l l i s i o n s ,  sens i -  
t i v i t y  reaches a maximum then  decreases and t h e  s t a i r c a s e  degenerates i n t o  a curve r a the r  than  a s e r i e s  of 
s t eps  whereas t h e  s p e c t r a l  peaks show no s i g n i f i c a n t  change i n  shape. Thus t h e  s t a i r c a s e  mode i d e n t i f i e s  t h e  
branch of t he  double-valued curve upon which t h e  instrument i s  operating. F ina l ly ,  t h e  s t a i r c a s e  mode assures  
100% transmission and the re fo re  serves  as a c a l i b r a t i o n  of t h e  major peaks. 

P r io r  t o  f l i g h t ,  l abora tory  ca l ib ra t ions  were run on t h e  e n t i r e  instrumentation using a i r .  A high speed 
vacuum system w a s  used i n  connection wi th  an ad jus tab le  l eak  i n  order t o  minimize t h e  e f f e c t  of adsorption on 
t h e  w a l l s  of t h e  system and in t e rac t ion  wi th  t h e  hot f i lament e l ec t ron  source u n t i l  t h e  u l t imate  vacuum w a s  
approached. Figures 1-2 and 1-3 serve t o  i l l u s t r a t e  t h e  r e s u l t s  of p r e f l i g h t  labora tory  c a l i b r a t i o n s  which 
were made by f i r s t  increas ing  t h e  pressure  from t h e  u l t imate  and then  decreasing t h e  pressure .  The fo rk  i n  t h e  
02/N2 cur ren t  r a t i o  a t  low pressures  (F ig .  1-2) i s  probably due t o  the  g rea t e r  a f f i n i t y  of 02 f o r  t h e  chamber 
w a l l s  which opera tes  t o  deple te  it on t h e  increas ing  pressure  cycle and enr ich  it due t o  desorp t ion  on t h e  de- 
c reas ing  pressure  cycle.** The apparent enrichment of argon at  low pressures (Fig.  1-3) as evidenced by t h e  
A/& cur ren t  r a t i o  i s  probably due t o  t h e  na ture  of t h e  leak. 
pressures  due t o  s c a t t e r i n g  c o l l i s i o n s  and t h e i r  smaller c ross -sec t ion  as compared wi th  N2. I n  both  cases it J 

w i l l  be noted t h e  s t a i r c a s e  y i e l d s  t h e  more accurate r a t i o  a t  high pressures  because of t h e  s t ronger  focusing 
ac t ion  i n  t h i s  mode of operation. 

This 
r e s u l t  i nd ica t e s  t h a t  t h e  average e l ec t ron  energy w a s  less than  45 v o l t s  due t o  space charge e f f e c t s  around t h e  
f i n e  wires of  t h e  acce le ra t ing  g r id .  The N,/Np cur ren t  
r a t i o  was about 0.015. 

2. DAYTIME FLIGW DATA 

Wallops I s land ,  Va. ( l a t i t u d e  37"50'N, longitude 75"29'W) a t  1302 EST, 18 May 1962. 
and t h e  ho r i zon ta l  ve loc i ty  at apogee w a s  approximately 800 f t / s ec .  
cession period w a s  31 sec. 

To provide t h e  reader  wi th  some f e e l i n g  f o r  t h e  q u a l i t y  of t h e  d a t a ,  Figs. 2 - l a  and b a r e  composite 
photographs of unretouched telemetered conventional and s t a i r c a s e  spec t r a  at 120 km a l t i t u d e  upleg and a t  133 
lan upleg. Figures 2-2a, b ,  c ,  d ,  and e show r a w ,  uncorrected ion  cur ren t  a s  a func t ion  of a l t i t u d e  f o r  t o t a l  
cur ren t ,  N2, 02, 01, and A. Figures 2-3a, b, and c show t h e  number d e n s i t i e s  i n  t h e  ion  source for  N 2 ,  02 
and A as obtained from t h e  r a w  d a t a  by means of labora tory  calibrations.*** 

of number d e n s i t i e s  requi res  a knowledge of t h e  r e l a t i v e  ion iza t ion  c ross  sec t ions  of O1 and 02. The r e s u l t s  
f o r  t h e  minor cons t i t uen t s  a r e  given i n  Appendix B. 

b 

* 

Both modes a r e  use fu l  

Both O2 and A show apparent enrichment a t  higher 

A s  evident i n  Fig. 1-2, t hese  p r e f l i g h t  ca l ib ra t ions  yielded an 0,102 curren t  r a t i o  of about 0.04. 
4 

The b a s i s  f o r  t h i s  conclusion i s  given i n  Section 3. 

The instrumentation describea i n  t h e  previous sec t ion  was flown on Nike-Cajun rocket NASA 10.91 UA from 
The apogee w a s  134.5 km 

The sp in  period w a s  1 .2  sec and t h e  pre-  

Figure 2-4 shows t h e  r a t i o  of O1 ion  cur ren t  t o  O2 ion cur ren t .  The i n t e r p r e t a t i o n  of t h i s  r a t i o  i n  terms 

3 .  CORRECTION FOR RELATIVE IONIZA!TION CROSS-SECTIONS FOR 01 AND 02 
Since no means f o r  genera t ing  n e u t r a l  O1 atoms were ava i l ab le  t o  us  f o r  labora tory  ca l ib ra t ion ,  it i s  

necessary t o  use published da ta  on t h e  O1 i on iza t ion  c ross  sec t ion .  Also, as already mentioned, we a r e  un- 
c e r t a i n  a s  t o  t h e  e f f e c t i v e  energy of t h e  ion iz ing  e l ec t rons  because of space charge e f f e c t s  i n  t h e  neighbor- 

*In t h e  case of t h e  daytime f l i g h t  (Nike-Cajun NASA 10.91 UA), t h e  procedure was modified by f i r s t  evacu- 
a t i n g  t h e  conta iner  and then  f i l l i n g  wi th  helium t o  one atmosphere of pressure.  
mitted r e l ease  of t h e  helium on t h e  upleg por t ion  of t h e  t r a j e c t o r y .  

ad jus tab le  leak  procedure. On the  bas i s  of these  ca l ib ra t ions ,  t h e  predicted r a t i o  of  02 ion cur ren t  t o  N2  

A pop-out diaphragm per -  

**As p a r t  of t h e  mass spectrometer development, c a l i b r a t i o n  curves were run on N2 and O2 separa te ly ,  using t h e  * 

ion cur ren t  f o r  ground a i r  i s  0.14. 
***In obtaining these  curves, only d a t a  above 106 km on t h e  upleg and above 100 h on t h e  downleg were used. 

Lower a l t i t u d e  data were not used because t h e  dens i ty  i n  t h e  analyzing sec t ion  w a s  high enough t o  a f f e c t  
t h e  ion  cu r ren t s  by s c a t t e r i n g  c o l l i s i o n s  as evidenced by a rounded shape of t h e  s t a i r c a s e  spectrum. The 
d e n s i t i e s  i n  t h e  analyzing sec t ion  and ion source could be subs t an t i a l ly  d i f f e r e n t  i n  f l i g h t  because of 
aerodynamic e f f e c t s .  Hence, c a l i b r a t i o n  r e s u l t s ,  obtained a t  a uniform dens i ty  could be applied only where 
peak spec t r a l  cur ren t  values a r e  functions of processes i n  t h e  ion source only. 

* 
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hood of t h e  f i n e  wires c o n s t i t u t i n g  t h e  e l ec t ron  acce lera t ing  gr id .  
Data on ion iza t ion  c ross -sec t ion  of O2 and O1 have been published by F i t e  and Brackmann [ 6 ] .  For 45 e lec-  

t r o n  v o l t s ,  t h e  d a t a  i nd ica t e  a r e l a t i v e  01/02 cross-sec t ion  r a t i o  of approximately 0.85. 
labora tory  c a l i b r a t i o n s  showed 4% 0, ions ,  t h e  data of [ 6 ]  i nd ica t e  t h a t  t h e  e f f e c t i v e  energy was i n  t h e  neigh- 
borhood of 23-30 e l ec t ron  vo l t s .  A t  t h i s  energy, t h e  experimental da t a  of F i t e  and Brackmann ind ica t e  t h a t  t h e  
r a t i o  o f  t h e  O1 cross-sec t ion  t o  t h e  O2 cross-sec t ion  i s  near ly  un i ty  although t h e  theory ind ica t e s  a r a t i o  of 
approximately 0.5 .  
assumed. 
source. 

However, s ince  t h e  

In t h e  d a t a  i n t e r p r e t a t i o n  i n  t h i s  paper, an ion iza t ion  c ross -sec t ion  r a t i o  o f  unity w i l l  be 
Under t h i s  assumption, Figure 2-4 a l s o  gives t h e  r a t i o  of  number d e n s i t i e s  of 0, t o  02 i n  t h e  ion 

4. INTWRETATION O F  THE DATA-DYNAMIC EFFECTS 
In  i n t e r p r e t i n g  t h e  d a t a ,  t h e  motion of t h e  instrument package, must be taken i n t o  account. In  f l i g h t  

number NASA 10.91 UA t h e  ho r i zon ta l  ve loc i ty  a t  apogee w a s  approximately 800 ft /sec.  
a precess ion  period of approximately 31 see which gave a pronounced modulation t o  t h e  da t a ,  p a r t i c u l a r l y  on t h e  
downleg. 

It is t h e  purpose of t h i s  s ec t ion  t o  d iscuss  e f f e c t s  of dynamics on t h e  i n t e r p r e t a t i o n  o f  t h e  r e s u l t s .  Pre- 
c i s e  quan t i t a t ive  ana lys i s  i s  p roh ib i t i ve ly  complicated i n  view o f  t h e  involved geometry of t h e  i o n  source and 
t h e  na ture  of t h e  i n t e r a c t i o n s  between t h e  impinging atoms and molecules and t h e  atoms of t h e  base metal  with an 
adsorbed gss l aye r .  A recent  review of t h e  d a t a  on thermal accommodation c o e f f i c i e n t s  [7] discusses  t h e  de fec t s  
i n  e x i s t i n g  data. 
Thus, t h e r e  i s  considerable unce r t a in ty  i n  t h e  quan t i t a t ive  e f f e c t s  of sur face  in t e rac t ion .  
i l l u s t r a t i o n  and es t imat ion ,  idea l ized  models and ca l cu la t ions  are presented with t h e  objec t  of roughly bounding 
t h e  e f f e c t .  

t o  t h e  analyzer.  Assume a l s o  t h a t  t h e  g r id  s t ruc tu re ,  f i lament,  e t c .  ( s e e  Fig. 1-1) , cons i s t ing  of very f i n e  
wires p re sen t s  a t o t a l  sur face  area so  small that t h e  p robab i l i t y  of a p a r t i c l e  c o l l i d i n g  with them i s  neg l i -  
g ib l e .  
sume t h a t  t h e  ambient mean f r e e  pa th  i s  l a r g e  compared t o  t h e  dimensions of t h e  ion  source. Now, i f  t h e  ambient 
p a r t i c l e s  are p e r f e c t l y  r e f l ec t ed  from t h e  p l a t e  ( specular  r e f l e c t i o n ,  no e n e r a  loss) with no recombination, 
t h e  presence of t h e  p l a t e  and t h e  ve loc i ty  of t h e  package would have no e f f e c t  on t h e  r a t i o s  of t h e  ion  cu r ren t s  
of t h e  various cons t i t uen t s .  

I n  t h i s  f l i g h t  t h e r e  w a s  

Hurlbut [7] r epor t s  d a t a  on s c a t t e r i n g  angle but ve loc i ty  d i s t r i b u t i o n s  a r e  not ava i l ab le .  
For purposes of 

For purposes of discuss ion ,  assume that t h e  ion  source cons i s t s  of a f l a t  p l a t e  containing t h e  i n l e t  po r t  

Assume f u r t h e r  t h a t  t h e  ve loc i ty  vec tor  of t h e  package i s  p a r a l l e l  t o  t h e  analyzer ax i s .  F ina l ly ,  as- 

This follows from t h e  equation 

n i v i  = -nrvr (4-1) 

where: n i  = number dens i ty  of inc ident  p a r t i c l e s  i n  t h e  ion source 
nr = number dens i ty  of r e f l ec t ed  p a r t i c l e s  i n  t h e  ion  source 
v i  = inc ident  ve loc i ty  normal t o  p l a t e  
vr = r e f l ec t ed  ve loc i ty  normal t o  p l a t e .  

Because of t h e  assumption of pe r fec t  r e f l e c t i o n ,  v i  = -vr. 

p a r t i c l e s )  are not i n f i n i t e l y  massive i n  r e l a t i o n  t o  t h e  atmospheric cons t i t uen t s .  
a lower l i m i t  on t h e  co r rec t ion  t o  convert concent ra t ion  r a t i o s  i n  t h e  ion source t o  ambient conditions.  An 
upper l i m i t  may be derived by assuming t h a t  t h e  c o l l i s i o n s  between t h e  impinging p a r t i c l e s  and t h e  ind iv idua l  
sur face  atoms a r e  e l a s t i c  and t h a t  t h e  l i n e s  of t h e  cen te r s  of t h e  c o l l i d i n g  p a r t i c l e s  a r e  p a r a l l e l  t o  v, t h e  
ve loc i ty  of t h e  package. 

Hence n i  = nr, independent of t h e  type  of p a r t i c l e .  
The foregoing idea l ized  model i s  never r ea l i zed  i n  p rac t i ce  because t h e  metal  atoms (and t h e  adsorbed gas 

It serves ,  however, t o  p lace  

Then, neglec t ing  t h e  thermal energy of t h e  sur face  atoms, 

V, = V i (  R-1)  /( R+1) ( 4-21 

where: R = m/M 
m = mass of gas atom o r  molecule 
M = mass of sur face  atom. 

Then Eq. (4-1) becomes 

n r /n i  = -vi/vr = ( i+~)/( i -~)  (4-3) 
For numerical i l l u s t r a t i o n ,  assume t h a t  t h e  sur face  is  s t a i n l e s s  steel wi th  M = 56 ,  and t h a t  t h e  inc ident  
p a r t i c l e s  a r e  O2 with m = 32. Then 

Assuming t h a t  t h e  package ve loc i ty  V i s  much l a r g e r  than  t h e  thermal v e l o c i t i e s ,  t h i s  process leads t o  an 

E t  = (l+3.7)/(1+1.8) = 1.7 ( 4-6) 

enrichment of O2 over 0, by t h e  f a c t o r  E l  where 

3 



When V i s  of t h e  order of t h e  thermal ve loc i ty  of t h e  metal  atoms o r  l e s s ,  a thermal in t e rac t ion  model with 
an appropr ia te  accommodation coe f f i c i en t  may be a b e t t e r  approximation. 
d i s t r i b u t i o n  f o r  t h e  atmospheric cons t i t uen t s ,  t h e  number of p a r t i c l e s  s t r i k i n g  t h e  p l a t e  per  sq  cm/sec i s  given 

For example, assuming a Maxvellian 

L 
where: k = Boltzmann's constant 

T = ambient temperature i n  OK. 
Assuming T = jOO"K, and using t h e  hor izonta l  ve loc i ty  a t  

and 

J 

apogee of V = 800 f t / s e c  = 2 . 4 4 ~ 1 0 ~  cm/sec, 

molecules/sq cm/sec 

molecules/sq cm/sec 

( 4-71 

Now assuming t h a t  a l l  atoms and molecules s t r i k i n g  t h e  metal sur face  reach thermal equilibrium wi th  t h e  sur face  
before leav ing  it, t h e  dens i ty  of r e f l ec t ed  p a r t i c l e s  nr/2 is  given by t h e  equation 

0 

where p(u) is  t h e  ve loc i ty  d i s t r i b u t i o n  of t h e  p a r t i c l e s  and where u i s  t h e  ve loc i ty  normal t o  t h e  p l a t e .  
suming a MaxwellIan d i s t r i b u t i o n  and a meta l  temperature of jOO°K, 

As- 

In t h i s  case t h e  enrichment f a c t o r  E t  f o r  O2 over O1 ca lcu la t e s  t o  be 

% = (0.805+1.25)/(0.728+0.95) = 1 . 2  (4-11) 

From Fig. 2-2a it appears that t h e  package w a s  f l y i n g  wi th  t h e  analyzer axis c loses t  t o  t h e  ve loc i ty  vec tor  
a t  apogee inasmuch as apogee time is  intermediate between two minima i n  t o t a l  ion  cur ren t .  We may thus  i n f e r  
t h a t  t h e  enrichment f a c t o r  l i e s  somewhere between 1.0 f o r  pe r fec t  r e f l e c t i o n  and 1.7 f o r  e l a s t i c  c o l l i s i o n s .  

31 sec apa r t .  
ha l f  angle i s  estimated i n  Appendix D t o  be 44". 
r en t  i n  t h e  downleg as seen in Fig. 2-4 can be explained by t h e  higher thermal ve loc i ty  of  O1 r e l a t i v e  t o  02. 
This enables r e l a t i v e l y  more O1 atoms than  O2 molecules t o  reach t h e  ion iz ing  region i n  t h e  ion source a t  angles 
of a t t a c k  g r e a t e r  than  90". 

I n  in t e rp re t ing  t h e  d a t a  it is  important t o  note that t h e  minima of t h e  upleg d a t a  a t  108 km, 125 km, and 
l j j  lan, approximately, and t h e  maxima of the downleg d a t a  a t  127 km and 110 lan f a l l  c lo se ly  t o  a s ing le  smooth 
curve. On t h e  b a s i s  of Fig. 4-1, t h i s  may be explained by t h e  hypothesis t h a t  t h e  instrumentation is  f l y i n g  
more c lose ly  t o  r i g h t  angles t o  t h e  t r a j e c t o r y  at these  poin ts .  
d a t a  most c lose ly  r e l a t e  t o  ambient condi t ions  a t  these  poin ts .  

It is  a l s o  important t o  note  from Fig. 2-4 t h a t  between 108 km and l l 7  km and a l s o  i n  t h e  neighborhood 
of 128 km (above which t h e r e  is  s u f f i c i e n t  spread i n  t h e  d a t a  t o  obscure t h e  e f f e c t )  t h e  01/02 upleg ion cur- 
ren t  r a t i o s  a r e  near ly  i d e n t i c a l  t o  t h e  downleg. Based on Fig. 4-1, t h e  authors roughly es t imate  t h e  angle 
of a t t a c k  at 108 lan on t h e  upleg a t  about 55" and a t  llj km on t h e  downleg a t  about 105". Since these  angles 
a r e  qu i t e  d i f f e r e n t  and ye t  t h e  01/02 ion cur ren t  r a t i o s  a r e  near ly  t h e  same, one is  led t o  t h e  hypothesis t h a t  
t h e  in t e rac t ion  wi th  t h e  metal  sur faces  i s  c lose r  t o  pe r fec t  r e f l e c t i o n  than  thermal iza t ion  o r  e l a s t i c  c o l l i s i o n  
wi th  t h e  ind iv idua l  sur face  atoms. 
t h e  ion  source, which can be seen c l e a r l y  i n  Fig. A-4 of Appendix A, can I n t e r a c t  wi th  t h e  gas flow, t h a t  t h e  
precession half-angle of 44" is  o d y  approximate, and t h a t  we have no d i r e c t  knowledge of t h e  a t t i t u d e  of t he  
instrumentation during t h e  f l i g h t .  I n  fu tu re  f l i g h t s ,  t h e  sur face  a rea  of t h e  r i n g  w i l l  be s u b s t a n t i a l l y  re -  
duced. 

5. MEAN MOLECULAR WEIGKC 
From t h e  ion source p a r t i c l e  concentration d a t a  (F igs .  2-3a, b, and c) Table 5.1 can be constructed.  

The number dens i ty  f o r  O1 i s  obtained from t h e  number dens i ty  of 02 mult ip l ied  by t h e  01/02 ion  cu r ren t "  
r a t i o  (Fig.  2-k) , assuming neg l ig ib l e  sur face  recombination (Appendix C) and equal i on iza t ion  c ross  sec t ions  
as s t a t ed  i n  Section 3. 

From t h e  ion  cur ren t  data, it i s  c l e a r  that t h e  minima in t he  up and down curves are a l l  spaced c lose ly  t o  
The precession cone 

The higher 01/02 r a t i o s  which occur i n  t h e  minima of ion cur- 
This can be explained by precession as indicated schematically i n  Fig. 4-1. 

On t h i s  bas i s ,  it may be pos tu la ted  t h a t  t h e  

However, it should be pointed out t h a t  t h e  r a the r  l a r g e  r i n g  a t  t h e  t o p  of 
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Table 5-1 
Number Densi t ies  i n  t h e  Ion Source at Apogee 

Consti tuent p a r t i c l e  s/cm3 
N 2  e .2  x 1010 
02 1.1 x 1010 
01 3.4 x 1010 
A - 0 . 0 4 ~  1010 

The mean molecular weight a t  any a l t i t u d e  i s  given by 

where nj is t h e  number dens i ty  of t h e  j t h  component and Mj is  i t s  molecular weight. 
ambient number dens i ty  from t h e  da ta ,  a cor rec t ion  f a c t o r  f o r  surface i n t e r a c t i o n  e f f e c t s  must be applied.  
Assuming t h e  e l a s t i c  c o l l i s i o n  model w i th  instrumentation ve loc i ty  V l a r g e  ccuupared t o  ambient thermal veloc- 
i t i e s ,  t h e  cor rec t ion  f a c t o r  C j  t o  be applied t o  t h e  ion source number dens i ty  of the j t h  component t o  obta in  
i t s  ambient number dens i ty  is, from Q. (4-3) ,  

In order  t o  determine t h e  

C j  = 1 (l-Rj) 
2 

Let t ing t h e  sur face  be i r o n  ( M  = 56), Table 5-2 can be constructed 

Table 5-2 
Correction Factors f o r  E l a s t i c  Col l i s ion  Model 

CJ - RJ - 
0.286 0.36 16 

28 0.500 0.25 
32 0.571 0 .21  
40 0 - 715 0.14 

9 

Using these  cor rec t ion  f a c t o r s  and t h e  d a t a  a t  apogee, t h e  "corrected" mean 
ca lcu la tes  t o  be, f o r  t h e  lower bounding value: 

- 
MI = 24.1 

molecular weight i?l f o r  134.5 km 

(5-2) 

For t r u e  specular  r e f l e c t i o n  with no loss  of energy, Eq. (4-1) shows t h a t  t h e  r a t i o s  of t h e  various cons t i tuents  
- t h e  same a s  they  e x i s t  i n  the  ambient s t a t e .  
and t h e  upper bounding value then becomes 

Hence t h e  cor rec t ion  f a c t o r  C j  is  the  same f o r  a l l  components 

- 
M = 25.1 (5-3) 

The t r u e  value appears t o  l i e  somewhere between these  two values.  

much b e t t e r  agreement w i t h  t h e s e  data than t h e  value of 28.5 given in the 1959 ARDC model atmosphere. 

and current  maxima on t h e  downleg may be most c l o s e l y  representa t ive  of the  ambient. Mean molecular weights 
a t  these  poin ts  have been computed as  before and a r e  p lo t ted  i n  Fig. 5-1. 

t i o n  of condi t ions i n  t h e  ion source a t  these  poin ts  than t h e  e l a s t i c  c o l l i s i o n  model. 

6. COMPARISON OF RESULTS 

a. Dissociat ion of Oxygen 

[3 ]  were taken from t h e  da ta  of Aerobee-Hi NN 3.19F f i r e d  from Fort  Churchill ,  Manitoba, Canada, a t  1207 CST on 
23 March 1958. 
d iv id ing  t h e  values of t h e  O1 curren ts  by t h e  O2 curren ts  contained there in .  As discussed i n  Sect ion 1, t h e  
lower r a t i o  obtained by the  o ther  inves t iga tors  may be a t t r i b u t e d  t o  surface recombination i n  the  apparatus.  

b. 02 Number Densi t ies  

t h i s  f i g u r e  our da ta  are  uncorrected f o r  dynamic e f f e c t s .  
u n i t y  and 4.7. 
thermalizat ion of incident  p a r t i c l e s . )  

c. 

It is  i n t e r e s t i n g  t o  note t h a t  t h e  value of 24.4 given i n  t h e  1956 A R E  model atmosphere a t  135 lan i s  i n  

On t h e  b a s i s  of t h e  discussion a t  t h e  end of t h e  previous sec t ion ,  po in ts  a t  current  minima on t h e  upleg 

Based on previous s ta tements ,  the  authors  f e e l  t h a t  t h e  specular  r e f l e c t i o n  model i s  a c loser  representa-  

Figure 6-1 compares our r e s u l t s  with those of Meadows and Townsend [3]  and Pokhunkov [a ] .  The r e s u l t s  of 

Although t h e  01/02 current  r a t i o  i s  not p lo t ted  i n  [3 ] ,  the  curve i n  Fig. 6-1 was obtained by 

Figure 6-2 compares our r e s u l t s  with those of Byram, Chubb and Friedman [2]  and of Hinteregger [ 9 ] .  In  

( A t  apogee, ca lcu la t ion  based on Eq. (4-10) gives approximately a f a c t o r  of 2 . 1  f o r  complete 
The correc t ion ,  from Section 4, i s  bounded between 

Separation Rat io  of Argon and Nitrogen 
Figure 6-3 compares our r e s u l t s  with those of Meadows and Smith [ l o ]  i n  terms of a separat ion r a t i o ,  r ,  
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defined as ion  cur ren t  r a t i o  a t  a l t i t u d e *  divided by t h e  cur ren t  r a t i o  from ground a i r  c a l i b r a t i o n .  For r e f -  
erence purposes, t h e  dotted curve i s  t h e  separa t ion  r a t i o  computed f o r  isothermal d i f fus ive  equilibrium taken 
from F ig i r e  6 of Meadows and Townsend [ J ] .  

a 

Figure 6-4 compares our r e s u l t s  wi th  those  of Pokhunkov [4] on t h e  bas i s  of A/N2 cur ren t  r a t i o s  a t  a l t i t u d e .  
A t  t h i s  time we have no theory  f o r  t h e  d i f f e rence  i n  t h e  charac te r  of our r e s u l t s  f o r  t h e  separa t ion  r a t i o  

and those  of t h e  o thers  shown. 
t h e  ambient atmosphere i s  e s s e n t i a l l y  zero.) 

(We note t h a t  t h e  time constant of our ion source i n  reaching equilibrium wi th  J 

PART I1 

7. GENERAL 

Apogee was l9O km. 
s ign  p r inc ip l e s  remained t h e  same as described i n  Pa r t  I. The only major exception was t h a t  t h e  instrumentation 
of NASA 14.08 UA w a s  flown i n  an evacuated volume and t h e  helium f i l l i n g  employed on NASA 10.91 UA was abandoned. 

8. INSTRUMENTATION 
A change 

i n  t h e  r e c t i f i e r  c i r c u i t r y  provided improved t r ack ing  of t h e  r e c t i f i e d  M: voltage wi th  t h e  AC sweep vol tage .  
The DC t o  AC r a t i o  ( s e e  ApTendix A) w a s  adjusted t o  a value somewhat higher than  t h a t  used i n  t h e  f l i g h t  of NASA 
10.91 UA. These changes improved t h e  r e so lu t ion  of t h e  spec t r a  over t h e  e n t i r e  sweep range. The q u a l i t y  of  t h e  
d a t a  i s  i l l u s t r a t e d  by Figs. 8-la and b which a r e  composite photographs of unretouched telemetered spec t r a  taken 
a t  131 km and 165 km on t h e  upleg. 
d ica ted  on t h e  f igu res .  Comparison with Figs.  2 - la  and b w i l l  show t h a t  not only w a s  t h e  r e so lu t ion  improved, 
but t h e  noise  cu r ren t  w a s  s u b s t a n t i a l l y  reduced. Overall  s e n s i t i v i t y  i n  terms of v o l t s  a t  t h e  e lec t rometer  out-  
put as a func t ion  of p a r t i c l e  concent ra t ion  i n  t h e  ion source w a s  increased by a f a c t o r  of about 3. The sweep 
period w a s  increased from 0.5 t o  1 sec.  

9. DATA RESULTS 

t o  be of a pre l iminary  na ture .  

rocket described i n  t h e  previous sec t ion .  A t  190 km, t h e  02 ion  cu r ren t s  were s m a l l  and hence subjec t  t o  read- 
ing  e r r o r s .  
e r ro r s .  
i s  nea r ly  10. 
d a t a  of t h e  p r i o r  f l i g h t .  
on probable angles of a t t a c k  a r e  not ava i l ab le  a t  t h i s  wr i t i ng  t o  o f f e r  any f u r t h e r  comments. 

and 0.04. 
conclusion t h a t  N1 e x i s t s  i n  an amount which i s  l e s s  than  5$ of N 2  i n  t h e  a l t i t u d e  range covered by e i t h e r  f l i g h t .  

Nike-Apache rocket NASA 14.08 UA w a s  launched from Wallops I s land ,  Vi rg in ia ,a t  0255 EST, 28 March 1963. 
While t h e  instrumentation flown on t h i s  rocket d i f f e red  i n  d e t a i l  of cons t ruc t ion ,  t h e  de- 

The massenf i l te r  rods f o r  t h i s  f l i g h t  were increased i n  length  from 5 t o  7 in .  (12 .7  t o  17.8 cm) . 

The mass numbers and probable chemical i d e n t i f i c a t i o n s  of t h e  peaks a r e  in-  

J 

Reduction of t h e  d a t a  i s  s t i l l  i n  process,  hence comments on t h e  r e s u l t s  of t h i s  f l i g h t  must be considered 
Figure 9-1 is a p l o t  of a f e w  se lec ted  po in t s  of t h e  01/02 ion  cur ren t  r a t i o  

obtained on t h i s  f l i g h t  up t o  l9O km. Also p l o t t e d  on t h i s  f i g u r e  a r e  a few po in t s  obtained from t h e  daytime I 

The ba r s  attached t o  t h e  po in t s  i n  t h e  v i c i n i t y  of apogee g ive  an ind ica t ion  of t h e  estimated 
Notwithstanding t h e  e r r o r  (about 20%) one can sa fe ly  conclude t h e  01/02 ion  cur ren t  r a t i o  a t  apogee 

In  t h e  overlapping range of d a t a ,  upleg po in t s  of t h e  l a t t e r  f l i g h t  agree fai l - ly  wel l  with t h e  
S c a t t e r  on t h e  14.08 UA downleg po in t s  is  evident i n  Fig. 9-1 but s u f f i c i e n t  d e t a i l  

A quick look a t  t h e  N1/N2 cur ren t  r a t i o s  obtained on t h i s  f l i g h t  i nd ica t e s  t h a t  t h e  value l a y  between 0.02 
No comparison wi th  labora tory  c a l i b r a t i o n s  has been made as ye t ,  b u t  t h e  authors a r e  drawn t o  t h e  

A complete ana lys i s  of Nike-Apache f l i g h t  14.08 UA w i l l  be t h e  subjec t  of a fu tu re  paper. 
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APPENDIX A 
MASS SPECTROMETER FOR UPPER A I R  MEASURENENTS1 

E. J.  Schaefer2 and M .  H .  Nichols,3 The Univers i ty  of Michigan, Ann Akbor, Michigan 

The need f o r  synopt ic  measurements of atmospheric composition as a func t ion  of a l t i t u d e ,  l a t i t u d e  and t i m e  i s  
Diffusive sepa- 

Recombination processes y i e l d  oxides  of ni t rogen 

becoming increas ingly  c r i t i c a l .  
r a t i o n  of the  l i g h t e r  gases modifies composition with a l t i t u d e .  Dissociat ion of molecular oxygen by the  sun ' s  ra- 
d i a t i o n  r e s u l t s  i n  v a r i a t i o n s  with t i m e t i  a l t i t u d e ,  and l a t i t u d e .  
which f u r t h e r  modify composition (1-3). 

y s i s  of upper a i r  samples t o  mass spectrometer i n - f l i g h t  measurements. The ava i lab le  d a t a  thus far ,  however, must 
be g r e a t l y  extended t o  s a t i s f y  the  requirements. I n  p a r t i c u l a r ,  v a r i a t i o n s  with a l t i t u d e ,  t i m e ,  and l a t i t u d e  must 
be inves t iga ted  on a synoptic b a s i s .  

This  paper descr ibes  the  development of a n  instrumentat ion package with which t o  accomplish a synoptic inves- 
t i g a t i o n .  Support f o r  the work has been furnished by NASA. 

MASS SPEXTROMETER 

Paul, Reinhard, and von Zahn ( 7 ) .  Br ie f ly ,  i t s  pr inc ip le  of operat ion i s  as fol lows:  

four  c i r c u l a r  rods posi t ioned 90" a p a r t  and connected as shown i n  Figure A - 1 .  
the  equat ions 

Above about 100 !an v a r i a t i o n s  i n  composition are known t o  e x i s t .  

The problem has been inves t iga ted  by a v a r i e t y  of methods ( 4 - 6 ) .  Techniques have var ied  from p o s t f l i g h t  a n a l -  

The instrument which was se lec ted  f o r  i n - f l i g h t  composition a n a l y s i s  i s  a mass spectrometer f i rs t  descr ibed by 

The analyzing s e c t i o n  of the  massenf i l te r ,  a l s o  known as the Paul tube and quadrupole mass f i l t e r ,  c o n s i s t s  of 
The appl ied  p o t e n t i a l s  are given by 

vox = u + v cos cut  ( A - 1 )  
voy = - vox (A-2 1 

where V is  the  peak value of a n  RF s ine  wave upon which i s  superimposed the  d-c vol tage U .  I d e a l l y  the  rods have a 
hyperbolic c ross  sec t ion ,  i n  which case the  p o t e n t i a l  a t  any poin t - in  the f i e l d  i s  given by 

( A - 3 )  vx,y = (U + v cos cut)- P - f  
Rn2 - -" 

I n  prac t ice  c i r c u l a r  rods of rad ius  1.16 R o  c l o s e l y  approximate the i d e a l  f i e l d  out  t o  about 0.8 Ro. 
The equat ions of motion of a s i n g l y  charged ion i n  such a f i e l d  are 

mx + 2 e ( ~  + v cos cu t )x /~$  = o ( A - 4 )  
m y  - 2e(U + V cos cut)y/R$ = 0 ( A - 5 )  

Making the  s u b s t i t u t i o n s  
p = tut/2 ( A - 6 )  

a = &u/~R,~& ( A - 7  1 
q = 4eV,/mRo2& ( A - 8 )  

d2x/dp2 + (a + 2q cos 2 p ) x  = 0 ( A - 5 )  

These are Mathieu d i f f e r e n t i a l  equat ions.  Their  so lu t ions  i n  terms of a and q y i e l d  regions wherein the  ion ic  tra- 
j e c t o r i e s  are s t a b l e  and regions where they  are unstable .  A s t a b l e  t r a j e c t o r y  i s  def ined as one which remains f i -  
n i t e  i n  amplitude as p grows i n f i n i t e .  For an ion t o  be s t a b l e  i n  both axes, Equations A - 9  and A - 1 0  must each 
y i e l d  a s t a b l e  so lu t ion .  The values  of a and q i n  which t h i s  condi t ion cxcurs are given i n  Figure A-2. From Equa- 
t i o n s  A-7  and A - 8  

a /q  = ~ U / V  ( A - 1 1 )  
Thus i f  the  r a t i o  of d-c t o  RF vol tages  is  held constant ,  a /q  p l o t s  as a s t r a i g h t  l i n e  on Figure A-2. This  l i n e  i s  
the locus of  the  working poin ts  of a l l  ions .  Heavy ions p:Lot c lose t o  the or ig in ,  and l i g h t e r  ions p l o t  progres- 
s i v e l y  toward the upper r i g h t .  If t h e  vol tages  are increased from zero, the  working poin ts  w i l l  move away from 
the  o r i g i n .  The l i g h t e s t  ion  passes  through the  s t a b l e  region f i rs t ,  followed by the heavy ions i n  order  of t h e i r  
mass. Idea l ly ,  i f  a stream of ions i s  i n j e c t e d  a t  one end of the f i e l d ,  unstable  ions are removed by c o l l i s i o n  
with the  rods.  S tab le  ions  negot ia te  the length  of the f i e l d  and a r e  de tec ted  when they d e l i v e r  t h e i r  charge t o  a 
c o l l e c t o r  placed a t  the  o t h e r  end. I n  prac t ice ,  however, there i s  a minimum number of cycles  of the  appl ied RF 
vol tage f o r  which a n  unstable  ion  must remain i n  the  f i e l d  t o  insure removal. Further ,  i n i t i a l  condi t ions of ra- 
d i a l  v e l o c i t y  and displacement must be r e s t r i c t e d  t o  insure c o l l e c t i o n  of a s t a b l e  ion.  Both r e s t r i c t i o n s  increase 
i n  s e v e r i t y  with r e s o l u t i o n .  A complete d iscuss ion  of i n l e t  condi t ions i s  beyond the  scope of t h i s  paper. One ap- 
pears  i n  ( 7 ) .  

From Figure A-2 it w i l l  be noted t h a t  i f  U, and therefore  a, i s  made zero, t h e  locus  of a l l  working poin ts  
l ies  on the  q-axis .  
working poin ts  move away from the  o r i g i n  so t h a t  t h e  ions become uns tab le  i n  order  of increas ing  m a s s .  
of opera t ion  and the conventional method each o f f e r  t h e i r  own unique advantage. 
t i o n  descr ibed here in .  

Equations A-4  and A-5 become 

d2y/dp2 - (a + 2q cos 2 p ) y  = 0 (A-10) 

A t  low RF vol tages ,  a l l  ions are i n  t h e  s t a b l e  region.  A s  t h e  RF vol tage is  increased,  the 
This  mode 

Both are employed i n  t h e  appl ica-  

The massenf i l te r  was se lec ted  f o r  upper atmosphere measurements because of the  fol lowing advantages: 
1. It requi res  no magnetic f i e l d ;  hence it i s  inherent ly  l i g h t  i n  weight. 
2 .  Its cons t ruc t ion  i s  simple and rugged. 
3. I n i t i a l  condi t ions a f f e c t  only percentage t ransmission and reso lu t ion .  

ca ted  mass of the ion .  
They have no e f f e c t  on the  i n d i -  

'Abstracted from ARS Journal  Vol. 31 No. 12, December, 1961, pp. 1775 t o  1776 with minor rev is ions  which incorpo- 
rate recent  developments. 
J.he copyright  owner. 

'Professor of Aeronautical and Astronaut ical  Engineering; now a t  San Diego S t a t e  College, San Diego, Calif .  
4Numbers i n  parentheses ind ica te  References a t  end o f  paper. 

Copyright, 1961, by the American Rocket Society,  Inc . ,  and repr in ted  by permission of 

Research Engineer, Department of Aeronautical and Astronaut ical  Engineering. 
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4. 

5 .  A l i n e a r  mass spectrum i s  obtained from a l i n e a r  vol tage sweep. 

FLIGHI DESIGN 
For design purposes, four  parameters may be independently se lec ted .  These, i n  tu rn ,  f i x  the  remainer of the 

design.  The parameters which were s e l e c t e d  were reso lu t ion ,  peak RF vol tage,  rod length,  and ion i n j e c t i o n  v o l t -  
age. Resolution i s  here def ined as the mass of the  ion divided by the wi.dth, expressed i n  mass u n i t s ,  of i t s  
s p e c t r a l  peak a t  half  amplitude. 
t h a t  can reasonably be expected i n  the  upper atmosphere. Due t o  the  s h o r t e r  residence times of t h e  l i g h t e r  ions,  
r e s o l u t i o n  w i l l  become less as mass i s  reduced, but  l e s s  reso lu t ion  i s  required as mass decreases .  The peak RF 
vol tage was se lec ted  t o  be 500 v as convenient ly  obtainable  i n  a miniatur ized f l i g h t  package. Rod length  was set  
a t  5 i n .  (12.75 cm) as a reasonable s i z e  f o r  s m a l l  rocket  borne experiments. F ina l ly ,  an i n j e c t i o n  ion energy of  
45 v w a s  se lec ted  as a compromise between a low ion  v e l o c i t y  t h a t  reduces RF power requirements and a high ion ic  
energy t h a t  avoids the d i f f i c u l t i e s  inherent  i n  c o n t r o l l i n g  low energy p a r t i c l e s .  The important design parameters 
are : 

Supporting c i r c u i t r y  i s  simple. A constant  voltage r a t i o  i s  maintained by r e c t i f y i n g  a por t ion  of  the RF 
vol tage t o  obta in  the d-c vol tage .  

A r e s o l u t i o n  of 40 for mass 46 w a s  considered adequate t o  separa te  the  gases 

Quant i ty  Symbol Value 
Mass number A 4 G  
Re s o l u  t ion m/Am 40 
Peak RF vol tage v 500 v 
Length of f i e l d  L 12.75 cm 

45 v 
2 .35  MC 

Ion i n j e c t i o n  vol tage V i  n 
Fre  que nc y f 

0.522 cm 
0.605 cm 

F i e l d  rad ius  
Rod rad ius  Rrod 
I n j e c t i o n  p o r t  diameter Din 0.081 cm 
Maximum i n j e c t i o n  angle Q 5.25" 

RO 

A labora tory  model is  shown i n  Figure A - j .  The c o l l e c t o r  i s  posi t ioned with respec t  t o  t h e  rods and ion  source 
when assembled i n t o  the vacuum conta iner  seen i n  the p i c t u r e .  A completely assembled f l i g h t  model i s  seen i n  Fig-  
ure  A-4. With the  except ion of i n s u l a t o r s ,  the  rhenium f i lament ,  and platinum g r i d ,  s t a i n l e s s  s t ee l  i s  used 
throughout i t s  cons t ruc t ion .  An a n a l y s i s  of a c a l i b r a t e d  a i r  leak  i s  seen i n  Figure A - 5 .  Here, the "s ta i rcase"  
sweep i l l u s t r a t e s  the type of response obtained when the  d-c voltage i s  zero and t h e  working poin ts  l i e  a long the  
q-axis  of Figure A-2. I n  f l i g h t  use, the  type of spectrum i s  a l t e r n a t e d .  Complete t ransmission . i s  assured i n  the  
zero d-c sweep. Hence the he ight  o f  the  major s teps  serves  as a c a l i b r a t i o n  of t h e  he ights  of t h e  corresponding 
peaks. The conventional spectrum provides a s e n s i t i v e  method of d e t e c t i n g  t h e  rarer spec ies .  Resolut ion of the  
ni t rogen peak as a func t icn  of ion  a c c e l e r a t i n g  vol tage i s  presented i n  Figure A-6. 
INSTRUMEIWATION 

oxygen on the  walls of the  gage. 
analys  i s  . 
uated volume when a l t i t u d e  i s  reached. A sketch of  the separat ion technique i s  shown i n  Figure A-7. Emerging from 
a vacuum, t h e  surface of the  instrumentat ion cy l inder  i s  c lean  of occluded gases .  
a t t a i n a b l e  vacuum t o  approximately 1 p of pressure .  
vacuums i n  a system of t h i s  type.  
Figure A - 8 .  ) 

gas. 
counter ing a s o l i d  surface where recombination can occur. 
source f a r t h e r  removed from the  head end of the  c a n i s t e r  t o  f u r t h e r  reduce the p r o b a b i l i t y  of surface recombination. 

followed by the  e lec t rometer  ampl i f ie r  t o  d e t e c t  ion  cur ren ts .  
which suppl ies  the  rod p o t e n t i a l s .  Below t h i s  i s  the  emission regula tor  chass i s .  Following t h i s  i s  a s e c t i o n  
which provides t h e  o s c i l l a t o r  modulated sweep vol tage,  a per iodic  i n - f l i g h t  c a l i b r a t i o n ,  and commutates the  input  
t o  t h e  monitor channel i n  order  t o  te lemeter  se lec ted  vol tages  throughout the package i n  sequence. Next i s  a 
chass i s  which delays f i lament  power f o r  1-1/2 seconds a f t e r  c a n i s t e r  e j e c t i o n  and au tomat ica l ly  s e l e c t s  one of t w o  
emission cur ren t  l e v e l s  according t o  the  s e n s i t i v i t y  required.  
are next  i n  l i n e  followed by a te lemeter  deck containing the 250 mw t r a n s m i t t e r  and f o u r  s u b c a r r i e r  o s c i l l a t o r s  
devoted t o  four  channels of s i g n a l  information. F ina l ly ,  a t  the bottom of the pressurized sec t ion ,  i s  the  b a t t e r y  
pack which provides f i lament  power and a mechanical timer, actuated by take o f f  acce lera t ion ,  which cont ro ls  e j e c -  
t i o n  of the  c a n i s t e r  a t  a l t i t u d e .  Below the  pressurized sec t ion ,  the  t ransmi t t ing  loop antenna can be seen i n  Fig-  
ure A - 8 .  
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Figure A-4. Fl igh t  model. 



Figure A-7. Data cy l inder  separa t ion .  Figure A-5 .  Spectrum of a i r .  
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APPENDIX B 
MINOR CONSTITLJET?TS; NASA 10.91 UA 

Throughout t h l s  s ec t ion ,  t h e  reader i s  cautioned t h a t  peak-peak noise  on t h e  te lemeter  channel was approxi- 
rrately 5 x m p .  Copxents nade throughout t h i s  s ec t ion  must t he re fo re  be regarded as t e n t a t i v e  inasmuch 
as  nos t  of t hese  cons t i t uen t s  reach t h e  noise  l e v e l  p r i o r  t o  apogee. 

B.1 ATOMIC NITROGEN, N 1  
AtoEic n i t rogen  -$as epFarent i n  both  t h e  conventional spec t r a  and s t a i r c a s e  spec t ra .  The average value 

between 100 hn and apogee l a y  between 0.02 and 0.04 of t h e  N 2  ion cur ren t .  Unfortunately, because of l i m i t a -  
t i o n s  due t o  e l ec t roxe te r  no ise  and r e so lu t ion  a t  low mass numbers, no firm conclusions can be drawn froE the  
r e s u l t s  of t h i s  f l i g h t  regarding poss ib le  d i s soc ia t ion  of n i t rogen  except t h a t  N1 probably e x i s t s  a t  no g rea t e r  
concent ra t ion  than 0.05 N2. This i s  p a r t i c u l a r l y  t r u e  s ince  t h e  labora tory  c a l i b r a t i o n  d a t a  yielded a r a t i o  
of N 1 , h g  o f  O.Ol5, somewhat l e s s  than observed i n  f l i g h t ,  but not conclusive i n  t h e  presence of noise.  

B.2  WATER, &O 

peak. 
k i n e t i c  c ross -sec t ion  of t h e  water molecule. Here, again,  t h e  s t a i r c a s e  mode y i e lds  t h e  l a r g e r  values due t o  
t h e  s t rong  focusing ac t ion  which overcomes t h e  e f f e c t s  of s c a t t e r i n g  c o l l i s i o n s  t o  much higher d e n s i t i e s  than  
t h e  conventional mode of operation. 
cons t i t uen t s ,  t h e  au thors  suspect t h a t  a s u b s t a n t i a l  po r t ion  of t h e  cur ren t  was due t o  t h e  ambient atmosphere. 
The r i s i n g  cu r ren t s  wi th  decreasing a l t i t u d e s  on t h e  downleg, f o r  example, cannot be explained on t h e  b a s i s  of 
outgassing of t h e  ion  source alone. 
t h i s  cons t i t uen t  w i l l  be undertaken. 

B . 3  

COa o r  N 2 0  bo th  of which have a mass of 44 mu. 
c l e a r l y  show t h e  m a s s  40 s t e p  i n  t h e  s t a i r c a s e  mode but  w a s  not s u f f i c i e n t  t o  include t h e  mass 44 s tep.  
t h e  r e s idua l  cur ren t  (F ig .  B-3) obtained from the  s t a i r c a s e  mode, includes t h e  mass 44 ion cur ren t  t oge the r  with 
a l l  cons t i t uen t s  g r e a t e r  than  mass 40. 

of  t h e  t r a j e c t o r y .  
c h a r a c t e r i s t i c s  of t h e  major cons t i t uen t s .  
ambient o r i g i n .  

the  remainder would be almost constant wi th  a l t i t u d e .  This l eads  t o  the  conclusion t h a t  t h e  r e s idua l  com- 
ponents above mass 44 a r e  almost e n t i r e l y  due t o  cons t i t uen t s  which emanated from t h e  metal  sur faces  i n  t h e  
v i c i n i t y  of t h e  ion  source. 

Figure B-1 shows t h e  r a w  data po in t s  obtained from both s t a i r c a s e  and conventional spec t r a  f o r  t h e  mass 18 
The wide divergence between t h e  s t a i r c a s e  da t a  and s p e c t r a l  peak d a t a  i s  undoubtedly due t o  t h e  l a r g e  

Since upleg and downleg da ta  show many of t h e  c h a r a c t e r i s t i c s  of t h e  rca:or 

However d a t a  from fu tu re  f l i g h t s  w i l l  be awaited before f i r t h e r  work on 

MASS 44 AND E S I D U A L  ION CURRENTS 
The mass 44 s p e c t r a l  peak cur ren t  i s  shown as  a func t ion  of a l t i t u d e  i n  Fig. B-2. This peak may be due t o  

Hence, 
The RF voltage a t  t h e  end of t h e  sweep w a s  l a r g e  enough t o  

Unfortunately,  t h e  mass 44 peak w a s  t o o  s m a l l  t o  de t ec t  i n  t h e  presence of no ise  except a t  t h e  lower p a r t  

This suggests t h a t  a s ign i f i can t  por t ion  of t h e  mass 44 peak i s  of 

On t h e  o the r  hand, i f  one were t o  sub t r ac t  t h e  mass 44 ion cur ren t  from t h e  r e s idua l  cur ren t  of Fig. B-3, 

In  t h e  a l t i t u d e  range f o r  which it i s  shown, however (F ig .  B-2), it exh ib i t s  many of t h e  

. 
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APPENDIX C 

RECOMBINATION EFFECTS I N  E A R L W  MEASUREMENTS 

E a r l i e r  measurements o f 4 / 0 2  were made using Bennett tubes.  The t y p i c a l  Bennett tube  has many g r i d s  so 
that a f t e r  an oxygen atom has entered t h e  tube  it may be expected t o  have many c o l l i s i o n s  with g r i d s  and walls 
before it f i n d s  i t s  way back out.  Although t h e  g r i d s  are r e l a t i v e l y  t ransparent  when viewed along t h e  a x i s  
they  become l e s s  so at angles r e l a t i v e  t o  t h e  ax is ,  approaching opaqueness a t  90'. Thus t h e  g r i d s  have a sort 
of t rapping  e f f e c t  which, among o the r  th ings ,  can result i n  numerous passages i n  t h e  ion iz ing  region. T h i ~  r e -  
s u l t s  i n  an increased p robab i l i t y  of i on iza t ion  r e l a t i v e  t o  the incoming atom o r  molecule, which must be par- 
t i a l l y  coll imated i n  order  t o  reach t h e  ion iz ing  region before i n t e r a c t i n g  wi th  t h e  w a l l s . *  Assuming that t h e  
d i f f e rence  between our r e s u l t s  and t h e  e a r l i e r  r e s u l t s  i s  due t o  recombination i n  t h e  apparatus,  t h e  following 
i s  an attempt t o  provide some ins igh t  i n t o  t h e  phenomena. 

s i t u a t i o n  may be achieved by use of a s impl i f ied  two-dimensional model. Let t h e  Bennett tube  be replaced by 
a cy l inder  wi th  i t s  a x i s  i n  t h e  x d i r e c t i o n  and consider motion i n  a plane including t h e  x axis .  
d i s t ance  between t h e  w a l l s  be unity.  Let t h e  angle of s c a t t e r i n g  from t h e  w a l l s  be 0 measured from t h e  nor- 
m a l .  
dens i ty  func t ion  of 0 be 

A de t a i l ed  ana lys i s  of a p a r t i c u l a r  tube  would be p roh ib i t i ve ly  complicated. However, some f e e l  f o r  t h e  

Let t h e  

Assume that t h e  angle of s c a t t e r i n g  i s  independent of t h e  angle of incidence. Let t h e  p robab i l i t y  

p(e) =  COS+ -90' < e < 90' ( c-1) 
This func t ion  i s  r a t h e r  mi ld ly  peaked a t  0 = 0 t o  represent  preponderance of s c a t t e r i n g  normal t o  the a x i s  of 
t h e  tube  due t o  t h e  g r ids ,  e t c .  The d i s t ance  t r ave led  along t h e  a x i s  of t h e  cy l inder  between c o l l i s i o n s  with 
t h e  walls i s  given by t a n  0 .  From Eq. ( C - 1 )  t h e  d i s t r i b u t i o n  func t ion  of t a n  0 is  

P( tan  e) = (2/$cos40 = 2 / l r ( 1 + ~ 2 ) ~  ( c-2) 

where x = t a n  0 .  The rms value, %, of x i s  

ox = 1 

After N bounces, t h e  mean of t h e  sum of t h e  ind iv idua l  x ' s  i s  zero and t h e  m s  value qx is  

%x = J i i  

(c-3) 

If N i s  l a rge ,  t hen  by t h e  c e n t r a l  Limit Theorem it may be assumed t h a t  t h e  d i s t r i b u t i o n  of  t h e  sum I s  approxi- 
mately Gaussian. If N i s  100, f o r  example, then  qx = 10. Then, assuming a Gaussian d i s t r i b u t i o n ,  the prob- 
a b i l i t y ,  after 100 w a l l  c o l l i s i o n s ,  of t r a v e l i n g  along t h e  x a x i s  a d i s t ance  of t e n  diameters o r  more i n  one 
d i r e c t i o n  is 0.16. 

In such a model, an oxygen atom, a f t e r  en te r ing  t h e  ion iz ing  region of the Bennett tube,  is  very l i k e l y  t o  
experience many c o l l i s i o n s  wi th  walls and g r i d s  before  escaping from t h e  tube.  
t h e  p r o b a b i l i t y  of recombination of atomic oxygen upon c o l l i s i o n  with a metal under condi t ions  s i m i l a r  t o  those  
encountered wi th  a Bennett tube  have been reported [C-3, C-41. 

The r e s u l t s  may be summarized i n  t h e  following t a b l e :  

Experimental determinations of 

Table C-1 

Date - - Metal Temperature pc Authors - 
Pt 2OOOC 0.010~0.002 Hacker, Marshall & Steinberg 1961 
Pt 850'c 0.10 k0.02 Hacker, Marshall 80 Ste inberg  1961 
Pt 380 '~  0.001 Wood and Wise 1960 
Al 364% 0.017 Wood and Wise 1960 
Ft llOO'K 0.004 Wood and Wise 1960 

Fqr purpose of i l l u s t r a t i o n ,  Table C-2 shows t h e  expected f r ac t ion ,  fa ,  o f  atoms ( i . e . ,  f r a c t i o n  not r e -  
combined) l e f t  a f t e r  100 c o l l i s i o n s  wi th  t h e  sur face  as a func t ion  pc, t h e  p robab i l i t y  of recombination pe r  
c o l l i s i o n .  

Table C-2  

f a  - PC - 
0.01 0.36 
0.02 0.13 
0.03 0.05 

*In t h i s  respec t ,  t h e  authors d isagree  wi th  Istomin [ C - l ]  who assumes t h a t  t h e  p robab i l i t y  of i on iza t ion  
of t h e  reverse  f l u x  i s  the same as t h e  inc ident  f lux .  
method of es t imat ing  a cor rec t ion  f o r  h i s  Bennett tube  d a t a  LC-21. 

Also, f o r  t h e  same reason, w e  d i sag ree  wi th  Pokhunkov's 

dens i ty  r a t i o  agree roughly with ours a t  135 km even though h i s  ion cur ren t  r a t i o  is  approximately 1/8 of ours. 
H i s  cor rec ted  d a t a  f o r  t h e  Ol/N2 number 
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Thus w i t h  t h e  t y p i c a l  Bennett tube ,  even with a very shor t  i n l e t  tube ,  it is  reasonable t o  expect very sub- 
s t a n t i a l  amounts of recombination p r i o r  t o  ion iza t ion .  With t h e  ion source used i n  t h e  experiment reported i n  
t h i s  paper, an atom can be expected t o  experience,  on t h e  average, only one t o  two sur face  c o l l i s i o n s  p r i o r  t o  
i t s  escape. 

The p robab i l i t y  of recombination on n i cke l  per  c o l l i s i o n  i s  0 .1  independent of temperatures over t h e  range 
1000 > T > 390°K and on gold t h e  value i s  0.01 a t  3W°K and 0.1 a t  1000°K. Thus one may expect recombination 
e f f e c t s  t o  be more severe wi th  atomic n i t rogen  than with atomic oxygen. 

Wood and Wise [C-41  a l s o  reported experiments In  t h e  recombination of N upon c o l l i s i o n  wi th  n i cke l  and gold. 'r 
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APPENDIX D 

ANGLE OF PRECESSION 

Assuming t h a t  t h e  instrument package i s  symmetric about t h e  long i tud ina l  a x i s ,  t h e  following equation can be 
used t o  determine t h e  precession cone ha l f -angle  e* 

4 COS e = u)3(13/11) ( 0-1) 

where: 3 = angular ve loc i ty  of precession 
8 = hal f  angle of t h e  precessi.on cone 
u3 = angular ve loc i ty  component along long i tud ina l  ax i s  of package 

The received f i e l d  s t r eng th  of t h e  te lemet ry  s igna l  show a period of 1 . 2  sec which may be assoc ia ted  with us. 
The ion  cur ren t  data show a period of Jl sec which may be associated with 6 .  
about t h e  long i tud ina l  a x i s  of t h e  package and Il i s  t h e  moment of i n e r t i a  about an ax i s  perpendicular t o  t h e  
long i tud ina l  ax i s .  

The moments of i n e r t i a  I3 and II were not measured p r i o r  t o  t h e  f l i g h t  of NASA 10.91 UA and we have no 
dup l i ca t e  package. Therefore,  t hese  moments a r e  ca lcu la ted  approximately from our knowledge of t h e  package 
geometry. Actually,  t h e  package w a s  not exac t ly  symmetric. However, assuming that it w a s  symmetric, t h e  
ca lcu la ted  r a t i o  13/11 i s  0.028. Subs t i t u t ion  i n t o  Eq. (D-1) gives 

The moment of i n e r t i a  I3 i s  

Both pass  through t h e  CG. 

e =  COS-^ 0.72 = 44" ( D-2) 

may be Since t h e  r a t i o  of 13/11 i s  only approximate and may be expected t o  be subjec t  t o  e r r o r  of ?lo$ or  so, 
expected t o  l i e  between 40" and 50". 
curves. 

This provides a q u a l i t a t i v e  explanation of t h e  ion  cur ren t  versus a l t i t u d e  

*See, for  example, J. C. S l a t e r  and N. H. Frank, Mechanics, p. 112, Eq. (3 .4) ,  McGraw-Hill Book Co., 
New York (1947). 
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